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論文内容要約 
Chapter 1 Introduction 
  Polymer nanocomposite thin films containing nanoparticles (NPs) have attracted much attention because their properties are 
significantly different from those of pure polymer thin films. The properties of nanocomposite thin films depend on not only 
the combination of host polymer and NPs, but also the spatial structures of NPs in the thin films. Therefore, control of the 
spatial structures of NPs in the thin films provides opportunities to tailor the properties for different applications. For many 
applications of nanocomposite thin films, such as chemical sensors, antireflection films and polymer light emitting devices, 
two-dimensional structures of NPs in the thin films are desirable. 
  The spatial structures of NPs in nanocomposite thin films are determined by the balance of entropy and enthalpy effects 
depending on the interaction of NPs and host polymers. For NPs in chemically dissimilar polymer matrix, the surface energy of 
each component is also an important factor determining the spatial structures of nanocomposite thin films. Additionally, the 
non-equilibrium processes such as solvent coating and thermal annealing processes affect the spatial structures of NPs in the 
thin films. The instability of nanocomposite thin films during thermal annealing, that is, thermal dewetting, might be dependent 
on the spatial structures of NPs in the films. 
 Recently, the supercritical hydrothermal method has been developed to synthesize surface-modified NPs in single-nanometer 
size 
[1]
. It is expected that the spatial structures of NPs in nanocomposite thin films can be controlled by adjusting the surface 
modifiers of NPs.  
In this work, the formation of structures, particularly two-dimensional structure, of NPs in nanocomposite thin films 
prepared by spin-coating were studied, where surface-modified NPs synthesized by the supercritical hydrothermal method 
were used. The variations of spatial structures of NPs in the thin films by thermal annealing above the glass transition 
temperature of host polymer were then elucidated. In addition, the relationship between thermal dewetting behaviors and the 
spatial structures of NPs in the thin films was investigated. 
 
Chapter 2 Spatial structures of nanoparticles in polymer nanocomposite thin films prepared by a spin-coating 
technique 
  Oleic acid-modified and decanoic acid-modified ceria NPs were synthesized by the supercritical hydrothermal method. 
Then, polystyrene (PS; Mw: 2,000-200,000 g/mol) nanocomposite thin films containing the surface-modified NPs were 
spin-coated on silicon substrates, and the structures of NPs at the cross-section and surface of the thin films were observed by 
using a transmission electron microscope (TEM) and scanning probe microscope (SPM), respectively. The solvents used to 
prepare the thin films by spin-coating were toluene and cyclohexane.  
Firstly, the cross-section and surface of PS nanocomposite thin films with oleic acid-modified nanoparticles were observed 
by TEM and SPM, respectively, where the concentration of NPs was 10 wt% and the film thickness was approximately 50 nm. 
Although, from the TEM images, it was found that oleic acid-modified NPs segregated both on the film surface and at the 
film/substrate interface, this work mainly focused on the surface structures of the thin films. Since the surface energy of oleic 
acid-modified NPs is lower than that of PS, the NPs segregated to the film surface so as to minimize the total free energy of the 
system. In addition, the SPM images revealed that the NPs formed sub-micrometer sized aggregates on the surface of the thin 
films.  
Next, the effects of solvents and surface-modifiers of NPs on the surface structures of the thin films, particularly the 
structures of NPs aggregates on the film surface, were investigated under four different combinations of solvent and 
surface-modified NPs, i.e., cyclohexane and oleic acid-modified NPs, cyclohexane and decanoic acid-modified NPs, toluene 
and oleic acid-modified NPs and toluene and decanoic acid-modified NPs. For all cases, the concentration of NPs and the film 
thickness were fixed at 10 wt% and approximately 50 nm, respectively. In this research, considering that the structures of NPs 
aggregates were determined by the interaction between NPs, i.e., surface-modifiers of NPs and solvent during spin-coating, the 
size of NP aggregates was related with the Flory-Huggins interaction parameter depending on the solubility parameters of 
solvent and surface modifier. It was found that the size of NP aggregates increased with increasing in the interaction parameter. 
In addition, the SPM images of the surface of the thin films suggested that the surface morphology (roughness) of the thin 
films changed depending on the balance between the Marangoni instability occurring in the coating solution layer and the 
leveling of the film surface during solvent evaporation, and that the balance was affected by the surface-modifiers of NPs. 
 
Chapter 3 Effect of thermal annealing on spatial structures of polymer nanocomposite thin films 
  In this chapter, PS nanocomposite thin films (Mw: 50,000 g/mol) on silicon substrates prepared by spin coating were 
thermally annealed above glass transition temperature of PS, and the spatial structures of the thin films were observed by both 
TEM and SPM. 
  From the observations, it was newly found out that surface-modified NPs migrated through the thin film towards the 
substrate by thermal annealing, maintaining the two-dimensional structure initially formed on the film surface. Such migration 
of NPs through the thin film occurred regardless of the thickness of thin film, the concentration of NPs, the surface energy of 
substrate, surface-modifier of NPs and solvent. 
The positions of NPs in the thin film during thermal annealing were measured to evaluate the migration rate of NPs through 
the thin film with NP concentration of 30 wt%. After staying on the film surface for approximately 1 h at the beginning of 
annealing, NPs migrated through the thin film towards the substrate at the average migration rate of approximately 1.74 nm/h 
between 1 and 6 h. However, the migration rate of NPs became extremely slow after 6 h.   
  To clarify the mechanism of the migration of NPs through nanocomposite thin films, the effects of the temperature gradient 
across the thin film generated during thermal annealing, the presence of residual solvent in the thin film, and the interaction 
force between NPs and the substrate were investigated.  Among them, in this work, it was considered that the migration of 
NPs was driven by a long-range attractive van der Waals force between NPs and the substrate across the thin film. The 
migration rate of NPs was calculated being based on a force balance between the van der Waals force and the Stokes drag force 
acting on NPs in PS thin film above the glass transition temperature. The calculated average migration rate was 0.68 nm/h, 
which was roughly consistent with the experimental one.  
 
Chapter 4 Thermal dewetting behaviors of polymer nanocomposite thin films 
  In this chapter, the dewetting behaviors of PS nanocomposite thin films (Mw: 2000 g/mol) with surface-modified NPs on 
silicon substrates were observed by using an optical microscope. The surface energy of the substrate was adjusted by varying 
the concentration of octadecyltriethoxysilane (ODS)/cyclohexane solution in which the substrate was immersed.  
The effect of the surface energy of the substrate on the dewetting behaviors of PS nanocomposite thin films with oleic acid- 
or decanoic acid-modified NPs was investigated as well as the dewetting behaviors of pure PS thin films. Here, the critical 
surface energy, Est, below which the dewetting occurred was defined as a criterion of dewetting. Est decreased as the 
concentration of NPs increased: Est of pure PS thin film was 66 mJ/m
2
. On the other hand, Est of the thin films with 10 wt% 
decanoic acid-modified and oleic acid-modified NPs were 62 mJ/m
2
 and 50 mJ/m
2
, respectively. These results suggested that 
the thin film with oleic acid-modified NPs was more stable.  
Considering that the dwetting of nanocomposite thin films was closely related to the structures of NPs aggregates formed on 
the film surface, the relationship between Est and the size of NPs aggregates on the surfaces of the thin films with 10 wt% oleic 
acid-modified and decanoic acid-modified NPs was investigated. As a result, it was found that the smaller the aggregate size at 
the onset of dewetting, the more effective the inhibition of dewetting. By using a model developed on the basis of 
cross-sectional structure of nanocomposite thin films with 30 wt% NPs concentration, it was demonstrated that the presence of 
a monolayer of NPs on the film surface inhibited the dewetting. 
Chapter 5 Summary   
The contents of this work are summarized. 
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